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STATIC STABILITY AND MACNW CHARACTERISTICS OF TH=
U. S. NAVY 1,000 POUND LOW-DRAG BOMB AT

TRANSONXC SPEEDS

Prepared by:

J. ?. Greene

ABSTRACT: The Magnus and static stability characteristics of a 0.213-
scal, model of the U. S. Navy 1,000 pound Lov-Drag Bomb ha'e been
obtained from transonic wind-tunnel testa at angles of attack up to ?2
degrees and for various free-stream Reynolds numbers. The variation in
static aerodynazic coefficienta due t4o roll orientation of the bomb
though the range 0 - 180 degrees and drug effects due to the addition
of exteraal mounting lugs were also investigated. The tests yere
conducted by NOL in the Cornell Aeronautical Laboratory 4 x 3 foot
transonic test facility.

The results of the test indicate that t•e Magnus characteristics of the
bomb are linear vith rotational speed and non-linear with angle or attack.
Variation in the free-streas Reynolds rwber is seen to affect the measured
Magnus characteristics appreciably at all Mach numbers wnd angla. of attack.
It is further shown that significant change* in the pitch, yaw, and roll
incwnts my be expacted to accompany variations in the roll orientation of
the bomb.
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This report presents the Magnus and static stability characteristics
of a 0.214-scale model of the U. S. Navy l,Or,-) p'ud Lov-Drag Bomb at
transonle speeds. The data were obtained in 4 x 3 foot transonictest facility at the Cornell Aeronaurtical Laboratory in Bufao, New
York under task number 803-767/73003/01. Special instlrmentation

required to spin the model and measure dynamic forces and moments was
furnished by the Naval Ordniance tAborstory.
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Captain$ Wu3
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STATIC STABILITY AND MAGNUS CHARACTEISTICS OF THE
U. S. NAVY 1,000 POUND LOW-DRAG BOMB AT

TRANSONIC SPEEDS

IIMODUCrTION

1. The Low-Drag Bomb family stems from an external-store design originally
developed by the Duua s ýircraft Company. The bombs of the series are
gecmetrically stmil.r in shape but vary in weight from 250 pounds (Yk 79)
to 2,000 pounds (Mk 82). For the purpose of the inveetigation reported
herein, the 1,000 pound bcub, Mk 81, has been chosen as the representative
bomb to which all test paruatars have been referred.

2. During initia.l field evaluation and dewelompent of the Law-Drag Bomb,
it was observed that on occasion the bomb would develop large pitching and
yawing motions during the course of its trajectory. Subsequently it was
conjectured that the cause of this samwbat erratic motion stemmed from
the coubined effects of rhe rolling motion, the pitch and yaw frequency,
and the resulting y%v and Magnus moments which arise due to the roll and
pitch cbaracteriatics of the bomb (reference a). Tn order to obtain
experimental data that would help to explain such erratic missile motion
as was observed, the Bureau of Ordnance directed the Naval Ordnance
Laboratory to investigate the "erodynuaic characteristics of the bomb.

3. As part of the subsequent Low-Drag Bomb program, NOL has conducted tests
in recent months to determine the Magnus and static stability characteristics
of the bomb at lov-tubsonic speeds (V & 250 feet per second), reference (b).
More recently, NOL has tested the bomb in the Cornell Aeronautical Laboratory
test fucilities to determine the transonic aerodynsaica of the configurMtio'i
at angles of attack up to 22 degrees and Mach nusters from 0.60 to 1.25.

4. Using a 0.214 -scale model of the bomb, s ix-component static data and
Magnus force and moment characteristics were measured at spin rates scaled
.*rai the 1,000 pound bomb. The Magýuz data were obtained at free-stream
Reynolds numbers of 2 x I 60, 4 x 1O6, and 6 z I16, based on model total length.
Static coefficients vere obtained only at a ftree-stream Reynols number of
4 x 101b. The figures shaving static stability coefficients are presented in
graphical form only for representative Mach numbers; however, a cciplete
li3ting of the static coefficients for all test Macb numbers are tabulated
in Appendix I.

Symbols

A maximum body cross-sectional area (eq. ft.)

CA axial force coefficient

C-i normal force coeffici-nt =,/qA

1
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Symbols (Cont'd)

Cy side force coefficient = Y/qA

CA rolling moment coefficient - Mt /qAd

CMc.g. pitching m~ment coefficient referred to the center of
gravity WM c.g./qAd

C0 c.g. yaving moment coefficient referred to the center of
gravity = MC •g./qAd

Cyp, lMagnus force coefficient (side force coefficient due toc spin) -- ýy 1 2V

Cyp Magnus m~msnt coefficient (yawing moment coefficenet due tospin) M 1 2V
d

Ck slope of normal force coefficient through z a 0 degrees

C% slope of pitching mcmant coefkicient through a - 0 degrees

d maximum body diameter (ft.) 1 I (one) caliber

Q. body length (ft.)

Mt rolling moment (ft.-lbs.)

Mc.{" pitching moment referred to the center of grav.ty (xt.-Ibs,)

Mvc.g. yaving moment referred to the center of gravity (tt.-lbs.)K drag force (lbs.)

N normal force (lbs.)

Y Aide force (lbs.)

p body rotational speed (radians/eec) - positivte hen model is
rotating clockwise as vieved from the base

q dynamic pressure (lbs./aq.ft.)

Re Reynoldzs nmber 9 ,V V-

11 free-stream velocity (ft./sec.)

. •abaolute coefficient of viscosity of air (Ibs.-dec./ft.3q.)

S air density (31u93/CU.ft.)

cNF D, Z:;T -, AL
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8'97bols (Cont'd)

a. angle of attack (degrees)

angle of yaV (deames)

modatel roll angle - positive Vbefl model is rolled clockvise as

vieved from. the base

Test Ayppratus "n Procedure

5.The tests yore cond%=te4 using the Cornell Aeronautical laboratory
It 3 foot transoniic cart. The cart is essentially a separate test

section which can be placed in the normal 10 x 12 foot vindtumial test
seoction. 3-peeda up to abou~t Mac number 1.25 car& be obtained. Niorml
angle of attack range to lhalted to approximately t 15 degreess. Haowver,
for angles above 15 dogreest a "dog-log" sting adapter may be used to
extend the angle of attack range in oae direction. Further information on

6. The pertinent d1insions of the bomb configuration andi the det&ils of
the mounting lugs are shown In Figure 2, In orde~r to test at angles above
20 degrees,. the miodel length vas lini~ted to apprcaimately A~ inabes and tbo
mauximum body diameter to 3 Inches. Model spin was provided by a 7 U.P.
24i,000 RPJ, variable frequency, vnter-cooled aottr mounted on the forward
end of a strain-gage~d balance bean. The motor iws intermlly geared to the
mode by a 4.2-1 reduction gear. S3train-gage leeds, motor wrers, trid vater
tubes vere coupled t 'o their repspective pover sourcee by running tkm lsads
through a hollow center core in the sting. Model spin vaz aseasured by a

VW~44 WrnW *lDWWW& 44A %-"W &VUr& %I"* 144AW thiUI tachcwt
signal, the spin rate vat recorded in reuvolutions per ainute on a Berkeley
EPUr counter.

7. Magaus torcus and =mo~nto acting on the model were m~easured by roans of
a four-componeut. Strain-gage balaace designed and manufactured by the
liaval Ord~nance Laboratory. Since it vas desirable to obtain the variation,
if any, of the stability coefficients betveen a "minimms" spin rate (i.e.,

a spin rate just sufficilent to "average" the normal forces a" pitching
moments due to static roll orientation.-approximatelY 30 RPM) and the
maximum test cpirh rate of 2j=O RF?4, the balance vas also designed to measure
norwjal forces and pitching m~merts. Both t1he Magnus and "3t-atiC' 3tability
characteri~tiC3 were obtained up to 2?2 degrees angle of' attack in incrvments
of four degrees. Test pro-zedu.'e for the ýAgnus measurewante vas to get the
mod~el at the desired angle of attack arA 31.ovly advance the model spin to
the maximum rate. The output 31gra!S of the 3trsin-gages measuring MAgnus
f'orcete and wOMeOta were suitahly am-plif'iad and supplied to the pen drive
onr a two-cha.nnel, L..eds and NIorthrurp, 3e4O'irecorder. 3y modifyirng
the conve~ntional tLte drive of the recom~er cha~rt to include a aervo-motor



CONFID~fl&M
NAVORD Report 4~329

driven by the model tachcaester- stgrral,, it vas. possible to position the
ebart as a function of the inodel rotational speel wA thus obtain a
"*tr'ace" or record of the Magnus moent and pitching moment about each
of the gage sections as a function of model spin rate for each angle of
attack. Hovewer,, due to thei inability of the recorder chart; to follow
a tachomter signal coz'rusponding to approximately 50 rey latior-i per
minute or lasso it was necessax7 to extrapolate the moent "traces" to
zero rotational speed in order to obtain an initial slole through zero.*

8.Six-ccawponent static iseasuremaent an the bomb were obtained using the
CAL B-112 balance (reference d). Yrm-streaa PeynoU&s numbir based on
total model length~ vas kept constant at ii x 10' throughout the static
naasurments. Stir-com~ponent data iiere obtained only to 22 degrees angle
of attack for selected nodel roll positions from 0 degrees to 180 degrees.

Data Reduction

9. Within the experimental error.. the ftpus ma.nut "traces" obtained on
the, recorder charts were found to be linear vith model rotational spe"d.
It.ý V" suzficieux, theres'orep In deterEminin toefricienta, to Use only
the difference in the gage M~agnus moment between the extrapolated zero RPM
iraluq and 2000 FPX4. From this viasla the Magnus coefficients., Cy. aMd wp
vere converte4 to non-4imens tonal famr by the relations

0 y2V I
CYP ; * -a' 9 -

qA

Normal force, pitching momnto side force, yaving matent, roll momnt, and
drag were .',tduced to the conventional coefficient forms az shown in the
section under Symbols.

Precision of Data

10. The precision of the Magnus data obta'.ned during the test is somewhat
poorer than would be d-i-simzble. Since it was necessary that the Magnus
balance mdasure relatively 3=all forces and moments (Magnu~s forces in the
order of 10 percent to 20 percent of the expected normal forces), -3 a
consequence it van also sensitive to any random model oscillations 01 free-
stream disturbances. From previous experience, it mas expected Ch~at the
recorder trs.ces would ahov that the model was experiencing a ncmevhat
er'rtic, high frequency small amplitude oscillaition. 0sci~llutio!ns of thi3
type ar i not surprising in vilav of the flexible balance usied arnd the
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relatively high rotational speed attained during the test. Past
experience in similar tests has I-•iiated that severe buffetting of the
model rill often occur at angles of attack above 10 to 15 dagrees,
depending on the spin rate and general configuration of the model. As
a consequence, the "Magnus traces" cons!isted of '"bands" vhoee limits
were the ra~xiaui and ainizum peeks of the high-frequency model oecil.a-
tions. The value of th% Magnus moeient at any spin rate vas th4n assumed
to be the displacement of a point, on a man line through the fluctuationd,
relative to any indicated aoent due to static side forces which m4it
&rise at zero spin rate. Taking into account the model oscillations;
plus the uncertainties involved in determining the test parameters,
"phLeal masurements and reader error, the probable error in the Mmgsa
coefficients at varlow angles of attack has been estiwted to have the
following values:

=- angle of attack CYp

ho + 0).32 0 .24

220 + 0.45 + 0.49

220 + 1.00 + 1.03

Ui. In view of the fairly large uncertainties In the Magnus data •v.
plus the relatively small angle of attack correction indicated by a
deflection load calibration, it was thought unnecessary to correct the
Ylagnus data for pitch deflection loads at angle of attack. All the Magnue
data shnmn in this report therefore are presented for Indicated angles of
attack only.

12. Uncertainties in the static data have been estimated from repeated
measurements to be as follows:

Cm ±.0049

%. g.
C.y 0033

CY. g oo5.0 5

cA .oo6i

CA + .0035

5
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Discussion of Results

13. With the advent in recent years of reliable dynamic test techniques,
it has be*Ow of increasing value to include measurments of the Magnus
forces and nauent iA wind-tunnel development tests of spinning, fin-
stabilize.d configurations. Unstable flights of Weapon A and the 6-inch
Test Vehicle (references e and f) together vith subsequent calculations
end denasic wind-tunnel measurements, have borne out the necessity for
Hagnus meuMreMOnts and their inclusion in the method of predicting the
stability performsme of any spinning, fin-stabilized configuration.
Accordingly, developntal vind-tunnel tests of the Lov-Drag Bomb have
included measueat of the Naga=u fore& and moments acting on the bomb,.
at spin ram wAn "Inse of attack comprmble to those vhich •tiht be
expected in free-fllght tests.

1i. Figure 3 thrUO3h 11 present the M'gnus fores and saent coefficientc
of the boub as a function of angle of attack for various Reynolds numbero
and Mach nuomer.The free-streem Reynolds n1aber was held constant at
2 x 00 an& It x 106 (based on total wode length) fo- tvo separate Machnu~mr run fro M a 0.80 to H a 1.25, and at 6 x 10° for a third Mach
num5r run ranging only rrcu u o.b0 to M - 0.95.

15. Eaittion of Figures 3 through 10 shove that the variation of the
Magnus coeffteients is, in general, noA-lUear with increasing angle of
attack. This is mnrkedly go for the Magnum coefficients at free-3tream
Reynolds mnimrs of 2 x 100. At this Reynolds number, the Manu ament
varies frou negative values at M s 1.25 at all angles of attack, to
positive vanoe at a Mach number of M m 1.00 and below. The change ia
w~vent Is duw to oppositely directed Magnum forces rather than to movment
of the centw of sswre. At the higher free-streas Reynolds numbers of
Sx 106 and 6 x l"the Magmnua ment Is positive throughout the respective
rumag or test N'ach nwfbers. An expianation for the "reversed" Magnus
foreas is not readily available. However, it has recently been observed
by scue experlmnters (reference g) that at low subsonic speeds it is
posesble to generate either positive or negative Magnus forces, for
exmwple on a spinnig cylinder in cross-flow, by vwyi•ng the local Reynolds
number around the periphery of the cylinder in such a way as to cause
asymmnetrical boundary-layer transition and/or separation. In this manner,
thA pressure distribution around the cylinder is such that the Magnus
forces may act in either direction depending on the magnitude of the local
Peynolda number And consequent boundary-Layer separation 'osition. It i1
conceimble then that the combination of the local croas-flow Peynolda
number, model surface condition, and possible shock-boundary layer inter-
action along the model surface may set up conditions favorable to "reversed"
Magnus forces such 'as those meaaured during the test. From Figures 3
through 10 it can be seen that the mariation in the Magnus coefficients vith
Reynolds number is wide-spread. This 13 especially true for the higher
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angles of attack. In general, it is thought that much of the suspected
Reynolds number effect believed to be precent in the Magnus coefficients
has been oblitereated by the sowhat large experiantal error in the
"rav" Magnus data. Tbe suall n•nitude of the Magnus forces and inxats
together with the relatively large normal forces and pitching soments
experienced by the bomb impede, to a certain extent, compatible siwul.aneous
nfasurmnts of these forces wAd nments using the type of balance systm
necessitated by the test psruaalers.

16. Figure U1 indicates that the Magras force and mnt characteristics
of the bomb arm highly non-lineer with increasing Mach na~r, especially
in the region of X - 1.0 and ahe. It is to be noted that Figure 11 s•hov
the Xagnus fore and moent coefficient ouly at a spin mte of 2000 RPM
azO for a fre.-strea Heynoldz number of 4 x 106. However, since the
Ya•gs data at any given angle of attack is linear vith model spin rate,

hbe data shbwa in •rlawe 11 are representative of the variation of the
)isius chamztristi e with Mach nvaber for all spin rates, at liet up to
2000 F0P4. :te that the magnde of the mwxl.m Maga nownt (at M - 0.60)
is only 15 percent .uf Ushe mxzlw pitching nnt of the bomb at 22 dagrees
ag2e of attack.

17. A previos invw4tigation of the bomb at a Reynolds number of 6.3 x 106
an a MKac number of 4 - 0.22 (rti*x=ea b) indicates that lUttle change in
the Yanmis characteristics wib be oxpected between H a 0o.60 nd H a 0.22.

18. Figtures 12 through 19 shov the normal force and pitching maiment
charaatoristics of the bomb for various roll orientationx from 0 to 180
degrees. The zero legree roll position is taken to be the position of the
model wtan the - -n-tng lugs (Figure 2) lie in the pitch plans of the model
and the fins are displaced 45 degrees frm that plae. Figures 12 through 19
also *haw the variation of the normal force center of pressure with angle of
attack for various roll positions. It is evident frna exaination of these
data that the bomb is statically stable throughout tb% toet Mach mnber range.
To be noted is the expected large variation in pitching amnc and normal force
that occurs as the model is rolled 45 degrees from the zero roll position.
In general, at 22 degrees angle of attack an average increase of 75 percent
in the pitching moment coefficient occurs for a roll displacement of 45 degrees
from the zero roll position at Mach numbers of M a 0.60 through m - 1.25.
Similar increaaes fa the normal force coefficients aount to approximately 10
percent at M a 1.25 to about 25 percent at M a 0.60. The center of pressure
travel due to angl of attack increase is relatively small, nrying less than
one-half caliber at most Mach nubers.

.9. Fiaure 20 Indicates that the variation of the normal-force and pitcbing-
mcent coeff'icients with Mach number is generally slight for Mach numbers
belov approximately 14 1.0. Xn appreciable variation 13 noted, however, at

, 7
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angles of attack above 16 degrees vhdi*e a somevhat precipitate drop in
the pitchinxg-mOMnt coefficient occurs as the Mach nusber is increased
be'jond M = 1.0. The decrease is due, however, to a forward travel in
the center of pressure rather than a lose in lift.

20. Figure 21 shows a comparison of the normal-force and pitching-moment
coefficient slopes, Cl. and C%, respectively, from vind-tunnel and free-
flight measurents (refereice g). The cross-hatched band depicts the
maxim=m and minims limits of the slopes due to static model roll posittons
of 0 - J50 and % - 00 respectively. As indicated on the plot, the broken
curves illustrate the variatton of the slopes as determined from free-flight,
muesurimente in the HOL Preovarize4 Ballistics Range and from wind-tunnel
mneasurents made with the avdel spinning at the =nhimta rate of 2000 RIP.
Data from these tests are c,'uidered to toe somewht less reliable than the
static or free-flight data inte considerable scatter %a present in the
coefficients at low angles of' attack. T..ei latter mesurmnts were, of
course, subject to the same alaturbances ,s previously cited for the Magnus
ieasurzeente and because of tals a&x plotted only for a qualitative coaWrison
with the static and free-flight slopes. As can be note- from Figure 21, the
normal-force coefficient slopes from the static and free-fliat data agree
quite well exept at the higher Mach numbers above approximataly M a 1.05.
The m•ment slopes are not in as good agreeaent, the free-flight data indicating
less "stability" at Mach nuabers in the range 0.9X M -.. l and somv t
higher "stability" in the immediate range around 3 a 1.0 than Is indtcated
by the w1nd-tunnal data.

21. In reference to Figures ?2 through 25, it is usually assumed that a
cruciform finned projectile pitched at an arbitrary angle of attacIr will
experience, no side force or yawing mooent as long as the fins ae in a
sym•etrica position relative to the pitch plane. If the projectile is
roll&d about the lonaitud1ira ai_ until the f• ns ar no longer •vitric!al
relative to the pitch plae, a side force and yawing moment ril1 apg•ar
which are dependent on the roll angle 01 and the magnitude of the angla of
attack, m. Reference (a), in discussing the action of tha yawing moment
in con•netiom with tbhe phenomenon of so-called "catastrophic yaw," suggests
that for certain special cases the ye-ving moment may combine with the Nagnus
momen.t and thus give rise to the occasionaUly-observed large pitching and
yawing motions of spinning, fin-stabilLzed missl•es.

22. Fig'irem 22 through 25 show the vartaticn of the side force and yawing
mment coefficionts with model roll angle for various angles of attack. As
is evt-dent from these data, the coefficielits are roughly proportional to
sin 40 at any arbitrary %ngle of attack. It is to be noted that the indicated
test points on these plota have been adjusted by in amount equal to the dis-
placement of the side force cr yawing moment coefficient from the zero
coefficient Talue at zero angle of ,t~ack for each roll position. The
""1 uncorrected" values of the side force and yawing moment coefficienta are
tabulated in the Appenlix. Tba 3mall "rtim" angles in the data at zero
ingle of attack were assumed to urise from misalignments of the model along
the tunnel centerline and not fromx aerodynamic causes.
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23. As previously mentioned, reference (a) suggests that for certaiin
cases (viz., "lunar motion" or "resonance") the yawing and Magnus
moments acting on a finned missile may combizA vhen the missile is rolled
at an angle such that the uceants are of the s sign. It may be seen
from Figures 22 through 25 that these "critical" angle ranges for the bomb
apparently occur in the vicinity of 550 e 0 4 850; and 135- . 0 - 1800.
fIot. that the magnitude of the yawing momnt is considerably lss tor
550 • 0 S 85,. In this range, the mounting lugs are o0%lui in the lee-side
of the model and skewed relative to the pitch plane at arales of attack.
Thus, It ispoisible that the lugs may influence tt* body-sNed vortices in
ouch a manner as to introduce an Interference etfeet which would be felt by
the fins vith a resultant variation In the ragnltude of the ya" acmant in
this roll an& e rane.

214. In general, the yaving mant is little affected by Mach number at
angles of attack of 16 degrees and below. At higher angles, however, and,
in particular at model roll angles vbere the peak, positive yawing asments
occur, t variation of the yaw soment with Mach nuaber Is saomvbat erratic
and inconclusive.

25. Static rolling momnt coefficients are shown in fztgu~res 26 through 29
- -w~'e& MF^& &V& 04JJ.&W AJ 04 bo OrirW.vou .IX may. DoU~4LU

nted from tbese lots, the rolling mint coefficient Is also roughl
dependent on sin 41 at least for angles of attack of 16 degrees and abovs.
The relative• constant mecnt experienced by the model at angles of attack
of 12 degrees and below indicate that ittle or no induced Toll effects
are present at these angles.

26. The variation of the roll. mnt coefficient vLth Mach naber appears
to be negligible at 12 degrees angle of attack and below. At the higher
angles, hovever, If the peak positive and negative inents are considered,
the mLxima moments show somewhat different characteristics. In general,
it is imen that ioir roll angjluu of W equal ro approzaavoly 24.;P ai4 11.W.
degrees, the tendenzy of the mxuiiut roll coefficient is to decrease with
increasing Mach nuaber from M = 0.60 to M w 1.25. For roll sagles of 0 - 6T7.5
degrees and 157.5 degree@, the roil coefficient generally increases (i.e., a
larger negattiv moment in this case) except for a small region between
M - 0.90 to M - 1.0. Here, the rolling moment coefficient decreases quite
rapidly, appearing almost as a discontinuity for certain angles of attack,
but increasing once again beyond M a 1.0.

27. Figure 30 ahows the variation of the spin parameter, pd/2V, as a
function of angle of attack for vsrioua Mach numbers. For these tests,
it was desired to obtain soe idea of the equilibriu spin rate of the
bob with increasing angle of attack. By removing the motor and gearing
structure the model 8as free to rotate, presuwably somevhere near the
equilibrium spin rate. 3ince it was not possible to determine the bearing
friction in the model, Figure 30 shove onrly a qualitative rspresentation of
the spin history. Frcm these data it appears that the model aTvin reaches a

9
07FI D E" :.....
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mximum at sOm angle of attack art.und 18 - 20 degrees for the lover
Mach numbers. Above M - 0.95, howror, a peak in reached at somewhat
lover angles. Note the fairly rapid drop in spin rate that occurs
amund H w 1.25.

28. Prvious Iow-opeed investigations on the LoV-Drag iamb (NOL un-
published data) have indicated that a similbr "speed-up" in roll rate
occurs when the bmb is subjected to angles of attack above approximately
30 degree. Results ot these tests show that the spin rate can approa-
val%*$ as h1gh as four time the zero angle of attack roll rate, deepending
on the angle of attack. Tests are presently being carried out in the
Smoke Tunnel at the thivereity of Notre Dam in an effort tq daetermine
and subsequently control the "erodynaic mechanism governing the roll
wpeed-up phenminon.

29. Figure 31 presents the zero-lift drag coefficient of the bomb with
and vithout mounting lu4. attached to the bmb. For comparison, the total
zero-lift drag coefficient of the bomb d*ULae" from frings of a 0.056-
scale model with luw in the NOL Preseurized Ballistics Range is also

have been adjusted to zero base drag. According., the solid curves in
Figure 31 are rehresentati'e of on4 the wave drag plus skin friction
drag of the model. It may be noted from tteme curves that the drag
coefficient shows the characteristic transonic drag rise at approximtely
M a 1.05 to 1.10. The increase in drag due to mounting lugs is fair3ly
consistent tbroug1out the Mach number range, averaging approxImtely 0.025
in terms of the coefficient value.

30. In siary, the reulut piusented in this report lhov that the gagnus
force aid rant coefficients of the bomb are llwaxly dependent on the
bomb rotational speed. It Is seen that the Magnui force and nnt are
also dependent on the free-stream Reynolds numbe; in scoe case* being of
opposite sign due to reversed Magn forces experieaced at the lover
Reynolds nmbers0 In addition, the 1agnue coefficients are seen to be
generally non-linear vith angle of attack and of relatively small magnitude
compared to the static normal force and pitching nt coefficients.

31. The results alai show the bomb to be statically stable at all angles
of attack. It is seen that static normal forces and pitching moments vary
appreciably vith fin-roll orientation. A roll displacement of 45 degreea
from the zero roll poaition can increase the pitching moment by approximately
75 percent and thu normal force up to 25 percent. Static aide forces and
moments, and static rolling moments, vere alao found to be non-linear with
incrasting angl of attack. Variation of these coefficients vith model
roll angle is rougbly proportional to sin 40 for axgles of attack above
Approximately 12 degrees. In addition, it is seen that t"9 drag ri3se due
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to momnting lugs is fairly small oyer the test M&ch 4lber range,
ahveraing only 0.025 in terms of to coefficient value.
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TABLE I

Test CondItions

Run Mach No. D•nwc Pretssure Reynolas go. Measure- Roll Angle

(RbMofto).. 1 pd (Re x 10'0) mu( -Degre,)

1 1.25 213 2 Mgn"uK 1.20 205 2 Magnus
3 1.10 197 2 Magnus
S1.00 187 2 Magnus

, 5 0.95 180 2 Magnus
6 0.90 177 2 Magaus
7 0.80 162 2 1agmu
8 1.25 427 4 Manum
9 1.00 374 4 Magnus

TR .10 1.20 411 4 Magu
13 1.10 391 4 Magnus
12 0.95 359 Magnu
13 0.90 3484 Mg
14 0.80 317 4 Magma
15 0.95 5!9 6 Magnus
16 0.90 514 6 Mapum
17 0.80 477 6
18 0.60 384 6 Magnus
19 0.60 384 6 MaKwu
47 1.25 427 4 6-como-0

nent
static

58 1.20 311 4 6-coW0-0o
neat

SO static
539 1.10 359 4 6 -Cmc•O- 00

nent
static

50 1.00 374 2 6 -cespo- 00
nent
s tatic

51 0.95 359 4 6-cco- 00
nent
static

52 0.90 343 20-cormp- 03
nent
ýara ic 0S53 0.8O 3.17 4 ,-cc=po- 0
neut
zstatic

13
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TABLE I (Cont'd)

Run Mach No. Dyuamc,Pressure Reynds o. Measure- Rol. Angle(lbs/ftf) :t 1 pef (Re x 10-o ment (-Degree)

5. 0.60 251 4 6-ccuzpo-o. 00
nent

55 1.25 427 4 6 -cpm- 11.250
meat

static
56 1.00 374 4 6-cempo- 11.250

nent
static

57 0.90 348 4 6-caipo- 1.1.250
nent
static

-f - - - .1 . tw58 VOnt

static

59 1.25 427 14 6-eo,,o 22.500
nent
static

60 1.10 394 4 6-con.po- 22.500
nent
static

61 1.00 37 4 6-c.cpo- 22.500
nent

62 0.90 348 4 6-c•,po- 22.500
nent
static

63 0.60 252. 4 6-crepo- 22.500
nent
static

64 1.25 427 4 6 -compo- 33.750
nent
static

65 1.00 37,4 14 6-coedo- 33.750
nent
static

66 0.90 348 4 6 -cmpo- 3 3 . 7 5 0
nent
Stutic

67 0.60 251 4 6 -ccmpo- 33.750
nent
static

68 .25 427 -4 U-CCO1- 45.000
nant
3tatic
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TABLE I (Cont'd)

Run Mach No. Dynamio Pressure Reynolds 0o. Meaure- Roll Angle
(ibs/ft2 ) 1 1 psf (Re x 10- sent (0 'Degrees)

69 1.10 394 4 6 -compg- 45.000
nent
static

70 1.00 374 4 6-compo- 45.000
font
static

71 0.90 348 4 6-compo- 45.000
nent
Statlc

72 0.6o 251 4 6-ccmpo- 45-o00
nent
static

7. W-COMFG1 A U162?-nent

static
74 1.00 374 4 6.-ccpo- 67.500

nent
static

75 0.90 348 4 6-ccpo- 67.500
nent
static

76 O.6o 251 4 6 -compo- 67.500
nent

Utatic
77 1.25 427 4 6-ccopo- 90.OC

nent
static

78 1.00 374 1 6-14. - 90.000
nent
atatic

79 0.90 348 4 6-c-mpo. 90. 00
nent

3tatiC
80 0.60 251 4 6-tempo- 9O.000

nent
static

81 1.25 427 4 6 -c wpo- 112.500
nent
static

82 1.00 374 4 6-compo- 112.50 0

nent
3tatic

83 0.90 348 14 6-ccmpo- 112.500

3tatic
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TABLE T (Cont'd)

Run Mach No. Dynamic Presusre Reynolds 90o. Measure- Roll Angle
(lbs/•t2 ) * I psf (Re x o"10 ment (0 -Degrees)

84 06 251 4 6-coaipo- 112.500

nent
static

85 1.25 427 4 6-compo- 135.000
nent
static

86 1.00 374 4 6-crepo- 135.000
nent
static

87 0.90 348 ,4 6-compo- 135.000
nent
static

89A, 2 4A7 4-coi •po- 1.. 0

nent
static

69 1.0 3427 4 6-ccmpo- 157.000
nent
static

90 1.00 374 4 6-compo- 157.000
nent
staticK 91 0.90 348 4 6-compo- 157.000
fent
static

93 1.65 251 4 6-cpo- 157.000nent
static

93 1.25 427 4 6-compo- 180.0o0
J nent

static
94 1.20 411. 4 6-compo- 180.00°

nent
¢ staticK95 i0 37 4 6-co4mpo- 18o.000

nent
SstaticS96 1.00 374 4 1-3po ~ O.-IC°

.3tatiQ

97 0.90 343 4 'D-C=P. 130o- l )O

3tati C

98 0.60 -51 4 ')-CcrO- 180. Cc
3ent
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ApperdiLx

The Append1 lists the atatic coefficients obtained at a Reyalds
number of 4 x 10'u for various roll angles from 0 degree. to 180 degrees.
Colu=n n nclature is listed at the top of the column as shovn on the
first pge of the tabulaw<d data.

: ":,7 [::2:•I.'.
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